Usage of highly reactive coke in order to decrease the thermal reserve zone temperature in blast furnaces is promising to increase reaction efficiency in blast furnaces and to decrease the reducing agent rate. We focused on the catalytic effect of iron and succeeded in producing highly reactive formed iron coke with high iron content. In this paper the reaction behavior of formed iron coke when mixed with conventional coke and in the presence of alkali was investigated and the following results were obtained. When the mixture of iron coke and conventional coke is heated in a reaction gas, iron coke selectively and preferentially reacts near the thermal reserve zone temperature (900°C), which causes a decrease in the thermal reserve zone temperature, while conventional coke barely reacts and is protected from degradation. It was also confirmed that the catalytic activity of Fe and that of K is independent of each other and that in the presence of alkali, the reaction beginning temperature of iron coke is lower than that of conventional coke. These results show that the use of formed iron coke could decrease the thermal reserve zone temperature in an actual blast furnace where coke reactivity is promoted by condensed alkali vapor.
Introduction
Decreasing the reducing agent rate (the amount (in kg) of reducing agents such as coke and coal needed to produce 1 000 kg of pig iron) in blast furnaces has become one of the most significant issues in the iron-making process from the viewpoint of saving energy and fossil fuel resources. 1, 2) Some ideas have been proposed to decrease the reducing agent. Among them, a technology proposed by Naito et al. [1] [2] [3] [4] [5] [6] that dramatically improves the reaction efficiency in blast furnaces through the use of highly reactive coke is considered most feasible and promising. The theory of this technology is as follows: Highly reactive coke starts to react with CO 2 (solution loss reaction CϩCO 2 ϭ2CO) at a lower temperature, which lowers the temperature range of the thermal reserve zone in blast furnaces. This decrease in temperature shifts wustite-iron reduction equilibrium gas concentration to high CO 2 /(CO 2 ϩCO) composition and increases the driving force for reduction expressed by the gap between the actual gas concentration and wustite-iron reduction equilibrium gas concentration. A key to the success of this technology is how to produce highly reactive coke in a commercial scale plant. 6) We focused on the catalytic effect of iron and succeeded in producing highly reactive iron coke in a commercial scale coke oven chamber by carbonizing the mixture of blended coals. 7) We also confirmed that this coke contains metallic iron reduced from iron oxide during carbonization. 7) Moreover, in order to involve more iron in coke, we prepared formed iron coke by carbonizing the briquette of the mixture of coal and iron ore powder 8, 9) and confirmed a decrease in the thermal reserve zone temperature and an increase in shaft efficiency when formed iron coke was mixed with conventional coke in an adiabatic blast furnace simulator (BIS). 10, 11) On the other hand, it is necessary to prove that formed iron coke starts to react in a lower temperature range than conventional coke does in the BIS test in order to ascribe the decrease in the thermal reserve zone temperature to the decrease in the reaction beginning temperature of iron coke. Furthermore, since coke reactivity is promoted by condensed alkali vapor in an actual blast furnace, 12) it is necessary to prove that the use of formed iron coke can decrease the thermal reserve zone temperature in the presence of alkali.
In this paper, firstly in order to study the cause of the decrease in the thermal reserve zone temperature when formed iron coke was used with conventional coke in the BIS test, the reaction behavior of the mixture of formed iron coke and conventional coke was investigated and the coke sample collected after the BIS test was analyzed. Secondly, the catalytic effect of iron in the presence of alkali was studied with thermogravimetric analysis and a coke reaction simulator. Finally, formed iron coke was evaluated in the BIS test in the presence of alkali.
Experiment

Evaluation Test of Reaction behavior of Formed
Iron Coke/Conventional Coke Mixture 2.1.
Preparation of Coke Sample
Coke samples used are the same as previously reported. 9, 10) Mixing conditions of raw materials for coke production and resultant coke properties are shown in Table 1 . In test No. 1 to No. 3, 70 mass% of caking coal (Ϫ3 mm 85 %) and 30 mass% of slightly caking coal (Ϫ3 mm 85 %) were mixed as the base mixture. Iron ore powder (PF) was mixed into the base mixture by 5 % and 10 %. Mixed materials (moisture 4%) were charged into a steel box at a bulk density of 850 dry, kg/m 3 and subsequently carbonized in a test coke oven for 18.5 h. 13) Properties of coals and iron ore (PF) used in the experiment are shown in Table 2 . On the other hand, in test No. 4 to No. 7, iron ore powder was mixed into slightly caking coal (Ϫ3 mm Ͼ95 %) by 10 %, 30 % and 50 %. Soft pitch (SOP) was added to mixtures as binder by 8 % and briquette was made from the mixture by using a briquette machine whose pocket was the pillow type 38.2ϫ35.3ϫ7 mm in size and 14.6 cc in volume. Briquettes were charged into a steel box with fine coke breeze (Ϫ3 mm) in order to prevent them from sticking to each other and carbonized for 18.5 h.
Evaluation Test of Reaction behavior of Formed
Iron Coke/Conventional Coke Mixture Conventional coke (No. 1, 9-11 mm in size) and formed iron coke (No. 6 and No. 7, 9-15 mm in size) were charged in the reaction tube of the coke reaction simulator (CRS) 14) as single or as mixture. The amount of the charged sample was 200 g. In the mixed charge experiment, the amount of conventional coke and iron coke was 100 g each and conventional coke and iron coke were either charged homogeneously or charged separated with a metal wire cage as shown in Fig. 1 . Test conditions are shown in Table 3 . The sample was heated from room temperature at the heating rate of 10°C/min in CO 2 /COϭ10(L/min)/10(L/min) (h CO ϭ 50 %) atmosphere and weight change was recorded during the experiment. When the weight reached the desired value (weight loss of 15-16 % for tests 4 and 5, 21-22 % for tests Table 1 . Mixing conditions of raw materials for coke production and resultant coke property. Table 2 . Properties of coals and iron ore (PF) used in the experiment. Coke strength after reaction was evaluated by I 600 1 (percentage of coke mass retained on a sieve with 1.0 mm apertures to the mass of the reacted coke sample after 600 revolutions in the I-type drum tester).
Evaluation Test of Strength after Reaction of Iron
Coke In order to evaluate the relationship between the percentage of reaction and strength after reaction, a coke sample with a different percentage of reaction was prepared in a packed bed type reactor and the strength after reaction was measured for the sample. Conventional coke (No. 1 to No. 3, 9-11 mm in size) and formed coke (No. 4 to No. 7, 9-15 mm in size) were charged in the reaction tube of the CSR separately in 4 layers. The amount of the charged sample was 35 g, 35 g, 70 g and 70 g from the bottom. Each layer was separated by metal wire mesh and the reacted sample was collected separately after the test. The reaction temperature and reaction gas were the same as the conventional CSR test method; the reaction temperature was 1 100°C and the flow rate of CO 2 was 5 L/min. The reaction was stopped after the desired period, and coke strength after reaction was evaluated by I 600 1 .
Evaluation Test of Coke Sample after BIS Test
Coke samples after the BIS test 1) were quenched and the quenched sample of formed iron coke (No. 7) and the conventional coke sample were collected separately at different positions. Both samples were easily separated by hand due to the difference in shape. Test conditions and results of the BIS test are shown in Table 4 (BIS4). 10, 11) Equivalently half of the carbon in conventional coke was replaced with iron-coke and charged T.Fe was maintained constant by decreasing charged sinter. Iron coke was mixed with the conventional coke layer. The inlet gas condition of the BIS test was set constant, i.e. equivalent to 1 360 Nm 3 /tp bosh gas with a composition of 36.0 % CO, 7.0 % H 2 and 57.0% N 2 and the reducing agent ratio was set at 481 kg/tp. Proximate analysis and chemical analysis of Fe were conducted in order to obtain C consumption for quenched coke samples. Moreover, coke strength after the BIS test was evaluated by I 600 1 , where about 40 g of collected coke samples were tested.
Evaluation Test of Reaction behavior of Iron Coke
in the Presence of Alkali 2.2.1. Thermogravimetric Analysis Catalysts (K and Fe) were added to coke (150-300 mm, Table 5 ) by an incipient wetness method, 16) where a given amount of the aqueous solution of nitrate potassium and nitrate iron was delivered droplet-wise to coke. The reactivity of the coke used in this test (CRI 41.6) is higher than that of usual blast furnace coke. The target of the ratio of added catalyst to coke was 1 mass% and four types of samples were prepared: (1) no addition, (2) K addition, (3) Fe addition, (4) FeϩK addition. As shown in Table 6 , the concentration of added K and Fe in treated coke was 0.6-0.9 % and 0.5 % respectively, which was close to the target value. Ten milligrams of the sample were heated to 800°C in N 2 atmosphere at the heating rate of 50°C/min in the thermobalance (Shimazu TG-50). At that temperature N 2 was changed to a reaction gas (CO 2 /COϭ30/70 or 10/90). The sample was further heated to 1 200°C in the reactant gas at the heating rate of 10°C/min and the changes in weight were recorded.
Coke Reaction Simulator (CRS) Test
Formed coke (No. 4, No. 6 and No. 7, 9-15 mm in size) was soaked in 15 % KOH aqueous solution for 30 min then dried. K concentration in coke was increased from 0.055-0.095 % (avg. 0.076 %) to 1.3-1.6 % (avg. 1.45 %). The sample was charged in the reaction tube of the coke reaction simulator (CRS), 14) heated from room temperature to 1 200°C at the heating rate of 10°C/min in CO 2 /COϭ50/50 (h CO ϭ50 %) atmosphere, and weight change was recorded © 2010 ISIJ during the experiment. The amount of the charged sample was 200 g.
BIS Test
To estimate the process efficiency using formed iron coke in the presence of alkali in blast furnaces, a blast furnace inner reaction simulator, BIS, was used. Test conditions of BIS tests are shown in Table 4 (BIS1, 2 and 3). The inlet gas condition of the BIS test was set constant, i.e. equivalent to 1 343 Nm 3 /tp bosh gas with a composition of 36.0 % CO, 7.0 % H 2 and 57.0% N 2 , the reducing agent ratio was set at 481 kg/tp and the coke ratio was set at 349 kg/tp. In the test in the presence of KOH (BIS 3), 3 g of KOH reagent was charged between the sinter layer and coke layer in order to simulate alkali circulation in an actual blast furnace. Equivalently half of the carbon in conventional coke was replaced with iron-coke and charged T.Fe was maintained constant by decreasing charged sinter. Fig. 2 and the weight loss curve is shown in Fig. 3 . Iron coke and the mixture of iron coke and conventional coke start to lose weight at lower temperatures than conventional coke. The weight loss curve for homogeneous charge is the same as that for separate charge. It is clear that iron coke reacts more than conventional coke.
In Fig. 4 , weight data for the mixed charge tests was corrected by expressing the weight as a percent of the amount of charged iron coke (that is 100 g). In the temperature range lower than 1 100°C where conventional coke shows little weight change, the corrected weight percent of the mixture of iron coke and conventional coke (No. 6 and No. 7) is close to the weight percent of respective iron coke charged as single. This shows that there are no interactions between iron coke and conventional coke when iron coke is mixed with conventional coke and that iron coke selectively starts to react in a lower temperature range in the mixed layer of iron coke and conventional coke. Figure 5 shows the corrected weight loss rate as a function of temperature in the mixed charge experiment. Here the reaction beginning temperature was defined as the lowest temperature where the weight loss rate always exceeds 0.002 min
Ϫ1
. As shown in Fig. 6 , the reaction beginning temperature of iron coke is lower than that of conventional coke. The reaction beginning temperature of iron coke for homogeneous charge is the same as that for separate charge. Mixed charge of iron coke and conventional coke has little effect on the reaction beginning temperature of iron coke. . 7) ). This shows that iron coke selectively reacts to become weak, while conventional coke is protected. Strength after reaction does not depend on the mixed charge method (homogeneous and separate charge).
Strength after Reaction of Iron Coke
The relationship between reaction percentage and strength after reaction (I 600 1 ) is shown in Fig. 8 . Reaction percentage is defined as a percentage of the reaction weight loss to FC (fixed carbon), which is calculated by subtracting ash and Fe mass from coke mass. I 1 of coke No. 7 before reaction is low due to the high iron content (50 % PF); however, strength after 50 % of reaction is nearly equivalent to that of other cokes. Formed iron coke has strength nearly equivalent to that of conventional coke after a certain percentage of reaction as well as higher reactivity with high iron content. Figure 9 shows the relationship between temperature and carbon consumption percentage of formed iron coke (No. 7) in the BIS experiment. Carbon consumption percentage is defined as {1Ϫ(C/Fe) after /(C/Fe) before }ϫ100, where subscript after means 'after reaction' and subscript before means 'before reaction'. Figure 10 shows the relationship between temperature and I 600 1 of formed iron coke (No. 7) and conventional coke collected after the BIS experiment. Near the thermal reserve zone temperature (900°C), carbon consumption percentage starts to increase and I 600 1 of formed iron coke starts to decrease. In contrast, I 600 1 of conventional coke shows little change, which indicates conventional coke barely reacted. This means that in the BIS test formed iron coke selectively reacts to become weak, while conventional coke is protected, which agrees well with the result of the evaluation test of reaction behavior of the formed iron coke/conventional coke mixture. This result also shows that a decrease in the thermal reserve zone temperature and an increase in shaft efficiency observed in the BIS test are ascribed to a selective reaction of iron coke in a lower temperature range.
Evaluation of Coke Sample after BIS Test
Moreover, as shown in Fig. 8 , the relationship between a reaction percentage and I 600 1 is the same for the coke after the BIS test, where the charged coke layer and sinter layer reacted at a changing temperature under changing gas consumption, and the coke reacted in a packed bed type reactor at a constant temperature under constant gas composition. Fig.  11 and Fig. 12 and weight loss percentage at 1 000°C (CO 2 / COϭ30/70) and 1 200°C (CO 2 /COϭ50/50) in the TG test is shown in Fig. 13 and Fig. 14 . The weight loss of FeϩK-added coke is larger than that of Fe-added coke and Kadded coke both in the lower temperature range (1 000°C) and higher temperature range (1 200°C) . Catalytic activity of Fe and that of K is independent of each other. The synergetic effect of Fe and K seems to increase the weight loss of FeϩK-added coke in the lower temperature range (1 000°C). Here the reaction beginning temperature was defined as the lowest temperature where the weight loss rate always exceeds 0.00025 min
Reaction behavior of Iron Coke in the Presence
Ϫ1
. As shown in Fig. 15 , the reaction beginning temperature of FeϩK-added coke is lower than that of Fe-added coke and K-added coke.
Evaluation of Reaction behavior of Iron Coke in
the Presence of Alkali by Coke Reaction Simulator (CRS) Test The weight loss curve and weight loss rate as a function of temperature in the CRS test (CO 2 /COϭ50/50) are shown in Fig. 16 and Fig. 17 , respectively. Alkali (K) addition increases weight loss and the weight loss rate of formed coke (No. 4) and formed iron coke (No. 6 and No. 7). Here the reaction beginning temperature was defined as the lowest temperature where the weight loss rate always exceeds 0.002 min Ϫ1 and the relationship between the T.Fe content of coke and reaction beginning temperature is shown in Fig. 18 . The reaction beginning temperature decreases with increasing T.Fe in coke irrespective of the presence of K. The reaction beginning temperature of formed iron-coke containing 43 % of T.Fe is lower than that of formed coke without iron addition by 126°C in the absence of K, while by 74°C in the presence of K. Figure 19 shows the result of the BIS test (BIS1-BIS3). The thermal reserve zone temperature for iron-coke with K (No. 6ϩK) is lower than that for iron-coke without K (No. 6). As shown in Table 4 , the thermal reserve zone temperature decreased by 62°C, h CO of top gas increased and the shaft efficiency (at 1 000°C) increased by 3.6 %. Furthermore, as shown in Fig. 20 , the reduction degree of sinter is higher in the test of iron-coke with K (No. 6ϩK) than in the test of iron-coke without K (No. 6). Figure 21 shows the relationship between the reaction beginning temperature in the CRS test and the thermal reserve zone temperature in the BIS test. Despite different measurement conditions, both results showed a good correlation, which represents that the thermal reserve zone temperature closely depends on the reactivity of coke. An addition of K to iron coke decreases both the reaction beginning temperature and thermal reserve zone temperature. This shows that the use of formed iron coke could decrease the thermal reserve zone temperature in an actual blast furnace where coke reactivity is promoted by condensed alkali vapor.
Evaluation of Reaction behavior of Iron Coke in the Presence of Alkali by BIS Test
Conclusions
The reaction behavior of formed iron coke when mixed with conventional coke and in the presence of alkali was investigated and the following results were obtained.
(1) When the mixture of iron coke and conventional coke is heated in a reaction gas, iron coke selectively and preferentially reacts in a lower temperature range and there are no interactions between iron coke and conventional coke. Iron coke selectively reacts to become weak, while conventional coke is protected in the mixed layer of iron coke and conventional coke.
(2) Formed iron coke has strength nearly equivalent to that of conventional coke after a certain percentage of reaction as well as higher reactivity with high iron content.
(3) In the BIS test formed iron coke selectively starts to react near the thermal reserve zone temperature (900°C) to become weak, while conventional coke barely reacts to be protected. This shows that a decrease in the thermal reserve zone temperature and an increase in shaft efficiency observed in the BIS test are ascribed to a selective reaction of © 2010 ISIJ iron coke in a lower temperature range. (4) Catalytic activity of Fe and that of K is independent of each other. In the presence of alkali, the reaction beginning temperature of iron coke is lower and its reactivity is higher than that of conventional coke.
(5) An addition of K to iron coke decreases both the reaction beginning temperature of coke and the thermal reserve zone temperature in the BIS test. This shows that the use of formed iron coke could decrease the thermal reserve zone temperature in an actual blast furnace where coke reactivity is promoted by condensed alkali vapor.
This study was conducted as a part of the research activities "Fundamental Studies on Next Innovative Iron Making Process" programmed for the project "Strategic Development of Energy Conservation Technology Project". The financial support from New Energy and Industrial Technology Development Organization (NEDO) is gratefully acknowledged.
